Spherical indentation approach (Lee et al., 2005 (Lee et al., , 2010 for the evaluation of bulk material properties is extended to that for elastic-plastic properties of film-on-substrate systems. Our interest focuses on single isotropic, metallic, and elastic-plastic film on a substrate, and we do not consider the size effects in plasticity behavior. We first determine the optimal data acquisition location, where the strain gradient is the least and the effect of friction is negligible. Dimensional analysis affords the mapping parameters as functions of normalized indentation variables. An efficient way is further introduced to reduce both the number of analyses and the regression order of mapping functions. The new numerical approach to the film indentation technique is then proposed by examining the finite element solutions at the optimal point. With the new approach, the values of elastic modulus, yield strength, and strain-hardening exponent of film materials are successfully obtained from the spherical indentation tests. We have shown that the effective property ranges such as indenter properties, substrate modulus, and E/E s ratio can be extended without additional simulations and even loss of accuracy. For other ranges of variables or other properties, which are not dealt with in this study, this methodology is applicable through resetting FEA variables and finding proper normalized parameters.
Introduction
Micro/nano-indentation tests provide us with useful information on material characteristics. In the initial stage of this topic, researchers focused on the evaluation of elastic modulus and hardness (Doerner and Nix, 1986; Pharr et al., 1992; Oliver and Pharr, 1992; Swain, 1993, 1995) . As the studies on film-onsubstrate structures and their use have been drastically increased, the necessity for other material properties such as yield strength has also been increasingly recognized. Lots of studies on these subject has been thus performed to evaluate yield strength and strainhardening exponent including elastic modulus for bulk materials (Taljat et al., 1998; Dao et al., 2001; Bucaille et al., 2003; Chollacoop et al., 2003; Cao and Lu, 2004; Lee et al., 2005 Lee et al., , 2008 Lee et al., , 2010 and film-on-substrate systems (Knapp et al., 1999; Huber et al., 2000; Muliana et al., 2002; Zhao et al., 2008; Gao et al., 2008; Li et al., 2009; Liao et al., 2009) . However, These studies on film property evaluation have inherent limitation to evaluate material properties because of (i) deficiency in quantitative analysis including enough variables and parameters to measure the properties, (ii) unsuitability of the indenter geometry, such as conical, Vickers and Berkovich indenters, to evaluate material properties in a single indentation (Lee et al., 2005 (Lee et al., , 2010 Chen et al., 2007) , and (iii) theoretical limitations of prior studies based on elasticity.
To overcome these kinds of barriers, it is necessary to systematically study the effects of indentation variables on indentation loaddisplacement curve. Especially, there are a lot of variables and parameters that affect indentation tests, so it is very important to select mainly important and well-normalized indentation variables. Moreover, as dual or plural indentation tests are indispensible for axisymmetric sharp indentation (Cheng and Cheng, 1999; Bucaille et al., 2003; Chollacoop et al., 2003; Lee et al., 2005 Lee et al., , 2008 Lee et al., , 2010 Chen et al., 2007; Hyun et al., 2011) , spherical indentation technique is more efficient and practical in use (Lee et al., 2005 (Lee et al., , 2010 when its difficulty in manufacturing is not considered.
The object of this study is to widen the use of our spherical indentation approach from bulk metallic material (Lee et al., 2005 (Lee et al., , 2010 to film-on-substrate systems. We assume that the film and substrate do not delaminate and the surface roughness problem is negligible. Our interest focuses on homogenous, isotropic and elastic-plastic single film on a substrate in a half-space, and we do not consider the size effects (Fleck and Hutchinson, 1993; Nix and Geo, 1998; Swadener et al., 2002; Casals and Forest, 2009) in plasticity behavior. It should be noted that the present work is not confined to thin-films. The film thickness can be even $mm or more. Of course, there exist some kinds of theoretical limitations of this study for the thin-films, but it is useful to directly apply this approach to isotropic and near isotropic film materials with negligible size effects, and meaningful to qualitatively and quantitatively analyze the effects of film thickness and elasticplastic properties of film on indentation tests.
In Section 2, we summarize the spherical indentation techniques to evaluate elastic-plastic properties for bulk metallic materials. In Section 3, we generate finite element (FE) model for the analysis of film-on-substrate systems, and adjust the FE mesh to the optimal data acquisition point. In Section 4, a new numerical approach to the film indentation technique is then proposed by examining the finite element solutions at the optimal point. To reduce indentation parameters, we assume the substrate material is purely elastic, material properties of the indenter are fixed, and Poisson's ratio of measured material, m, is also fixed. The film thickness, which is the most important parameter in this study, moreover, is assumed to be known in advance. These assumptions seem to be too restricted in use, but some are very reasonable in actual problems and some can be overcome by using well-normalized parameters. It is discussed in Sections 4 and 5.
2. Summary of the spherical indentation techniques for bulk metallic materials Lee et al. (2005 Lee et al. ( , 2010 have attempted to estimate material properties by shallow (h max /D = 6%) and deep (h max /D = 20%) spherical indentation tests, respectively. Lee et al. (2005) selected h max / D = 6% indentation depth, corresponding to normalized contact diameter d/D = 0.5, as a shallow indentation depth. The 6% indentation is the maximum indentation depth up to which load-depth curve is almost independent of contact friction, but still captures the characteristics of spherical indentation. This shallow indentation reduces indentation load and impression size, thus keeps the indenter from large deformation and allows a relatively small specimen. However, for shallow indentation, dissimilar materials may produce quite similar load-depth curves. h max /D = 20% indentation, although affected by friction, is generally large enough to ensure the uniqueness of load-displacement curve (Lee et al., 2005 (Lee et al., , 2010 . In this study, developing a single spherical indentation technique, we deal with deep (h max /D = 20%) spherical indentation tests that ensure the uniqueness of properties.
In the numerical approach of Lee et al. (2005) using spherical indenter, the optimal data acquisition location is 2r/d = 0.8 and l/ D = 0.1 for h max /D = 6%, whereas for deep indentation, h max / D = 20%, Lee et al. (2010) used 2r/d = 0.8 and l/D = 0.3. Here r is the projected distance from axisymmetric center after deformation (Fig. 1) ; d is the actual contact diameter; l is the distance from material surface to data acquisition depth (Fig. 1) ; D is the indenter diameter; h max is the maximum indentation depth measured from the reference surface of the specimen. The projected contact diameter d corresponding to the indentation depth h t , which is measured from the reference surface, is given by
where h is the actual contact depth varied by pile-up and sink-in effect, and c 2 is the ratio h to h t , h/h t . Lee et al. (2010) Commercial finite element package, ABAQUS/Standard, is used for the numerical simulations of spherical indentation as shown in Fig. 1 . Large deformation for isotropic elastic-plastic material following the J 2 flow theory is considered. We use the four-node axisymmetric element CAX4 (ABAQUS, 2007) considering both loading and geometric symmetries. Multi-point constraints (MPC, ABAQUS) option is conveniently used at the transition region where element size changes. The constrained mid-nodes of MPC, however, tend to give discrete stress and strain values. Trapezoidal elements are thus used in the transition region near the contact surface where the strain and stress values are measured, and MPCs are adopted in the transition region far from the contact surface where the stress and strain values are not so critical. FE model consists of about 16,500 elements and 17,300 nodes. It has been confirmed that the specimen size used in FE analysis is sufficiently large enough, so the specimen can be assumed to be in a halfspace. Roller boundary conditions are imposed on the nodes on the axisymmetric axis and bottom of the specimen. The indenter moves down to penetrate the material up to h max /D = 0.2. We place contact surfaces (ABAQUS, 2007) at both material and indenter surfaces where the minimum element size is 0.0625% of an indenter diameter. To obtain more accurate stress-strain distribution along the data acquisition line at l/D = 0.2 (see the Fig. 1 and Section 3.2), we generated very fine mesh along this line. Further, to get more accurate stress-strain data at initial indentation depth, finer elements were used near the center of the line.
The indenter material is assumed to be an elastic tungsten carbide (WC) of which measured modulus and Poisson's ratio are E I = 537 GPa and m I = 0.24, respectively. It is very hard to manufacture almost perfect hemisphere at small scales with relatively hard materials such as diamond, so WC and other materials can be used as alternative materials. The validity for other elastically deforming materials of the indenter is discussed in Sections 4.3 and 4.4.
We assume a single isotropic film layer on a substrate with the elastic modulus E s = 130 GPa and Poisson's ratio m s = 0.22. Here, the film layer is an elastic-plastic material, and the substrate layer is assumed as elastic material such as silicon and ceramics. Although the substrate should be an elastic-plastic material, we ignore the plastic deformation of substrate. This assumption is reasonable when the indentation depth is relatively shallow compared with the film thickness and the substrate is sufficiently hard material. Note that the stress concentration of spherical indention on the substrate is also relatively smaller than that of sharp indentation. Because the modulus of film E is normalized by E s in the present work, our formulations can be valid for other properties of substrate with reasonable variation. The validity for other materials of the film is discussed in Section 4.2 and Appendix C.
The material properties and film thickness chosen for this study are listed in Table 1 . The elastic moduli of the films vary between 100 and 400 GPa, and 400 GPa can be comparable to the modulus of the indenter. Note that the hardness is a relative value between materials. For example, the Brinell hardness tests generally use steel or tungsten carbide (WC) balls, and the steel balls may not be so much harder than specimens. Because the indentation test is an extended method of the hardness test, the relative deformation of the indenter should be naturally considered. It is therefore reasonable to assume any materials of which hardnesses and stiffnesses are comparable to those of the indenter materials.
Probing spot for equivalent plastic strain
By adopting similar approach to the bulk materials (Lee et al., 2005 (Lee et al., , 2010 , we investigate the distributions of equivalent plastic strain along the l direction for the variation of t/D, 2r/d, and friction coefficient f. Fig. 2 shows distributions of plastic strain with respect to the variation of friction coefficient along the l direction from the surface at 2r/d = 0.8. The frictional effect on the distribution of plastic strain is severe near the contact surface, but it is drastically reduced as l/D increases. We propose in the present work a new probing for equivalent plastic strain that is l/D = 0.2, 2r/d = 0.8. The reason why we use l/D = 0.2 whereas the optimal point was l/D = 0.3 for bulk materials (Lee et al., 2010) is to reduce the effect of substrate properties on the stress-strain distribution and to be able to use more thin film for a given indenter diameter. In addition, at this point, (i) contact problems and frictional effects can be negligible, and (ii) strain gradient is gradual. The basis of this arbitrary selection of optimal point is that the equivalent stress and strain at any point should be on a uniaxial stress-strain curve (Lee et al., 2005) .
A numerical approach to spherical indentation techniques for evaluation of film property

Dimensional analysis of indentation parameters
To evaluate mechanical properties by indentation testing, it is essential to establish the mapping functions, which map the load-displacement curve into the stress-strain curve. To fit the 
where r o , n, E and m are the yield strength, strain-hardening exponent, elastic modulus, and Poisson's ratio of the film, and r os , n s , E s and m s are those of the substrate, and E I and m I are the elastic modulus and Poisson's ratio of the indenter, respectively. As mentioned in Sections 1 and 3.1, we assume the substrate material is purely elastic, material properties of the indenter is fixed as tungsten carbide, and Poisson's ratio of material, m, is fixed as 0.3. Eq. (8) 
Numerical formulae of indentation variables
In order to obtain the relationships between three normalized parameters (c 2 , e p and w) and indentation load-displacement data, we should select four variables e o , n, E/E s , and t/D in FEA. As listed in Table 1 , 1344 (E: 4 Â e o : 7 Â n: 12 Â t: 4) cases of FEA are needed to generate function for each normalized parameter, but it requires too much analysis time and post-processing work, so it is not Fig. 3 . Regression curves of (a) c 2 , (b) equivalent plastic strain e p , and (c) constraint factor w with respect to for various values of n. practical. In this study, we set reference elastic modulus of film as 200 GPa, and then introduce correction coefficients to reduce the cases for other moduli. As mentioned above, it is impractical and tedious to generate fully-covered quadruple polynomial functions including the fourth variable E/E s . We therefore adopt a more efficient technique to consider the effect of elastic modulus E. We investigate the effect of E on the parameters w, e p , and c 2 . The effect of E on e p -(h t /D) curve is shown in Fig. 4 (solid lines) . The gaps between lines are almost constant, which means E/E s (=the ratio of the elastic modulus of film to that of substrate) has certain relations with variation of e p -(h t /D) curve. Utilizing the characteristics, we suggest a numerical approach to property evaluation in an efficient way as follows. We obtain first the ratios of e p for the variation of E, and then estimate e p -(h t /D) curve by using the ratios and the reference curve for E = 200 GPa. In order to estimate normalized parameters for other E from the reference value E/E s = 200/130, we define the correction factors, n c , n e , n w , as follows,
n e e p =e p j E=Es¼200=130 ; ð16Þ n w w=wj E=Es¼200=130 : ð17Þ Table 2 compares the values from FEA with the estimated correction factor n e . The small error shows the accuracy of regression.
We demonstrated that the correction factors (n c , n e , n w ) have a linear variation with E of films regardless of other indentation variables (e o , n, t/D). Moreover, dimensional analysis in Appendix C shows that the relation between n and E/E s is almost linear regardless of E s value, which means the equations are valid even for other values of E s . Note that even though the E/E s values are much smaller than 1, which means very soft film on hard substrate is assumed, our approach is still applicable.
Numerical formulae of correction factor for elastic modulus evaluation
Doerner and Nix (1986) and Pharr et al. (1992) have evaluated elastic modulus by using the unloading slope of load-displacement curve based on the Sneddon (1965)'s solutions. For elastic-plastic materials, Lee et al. (2005 Lee et al. ( , 2010 have modified Pharr's solution by introducing correction factor j as follows,
We estimate contact diameter d from Eqs. (1) and (18) and measure initial unloading slop S, and then calculate elastic modulus with j corresponding given parameters. We can generate the following fitting function of j from FEA,
In Eq. (22), j was obtained with a tungsten-carbide (WC) indenter in FEA. However, although we may use a diamond indenter and the same j value, we can hold similar accuracy in evaluated properties as long as the properties of diamond are replaced in Eq. (21). This will be proven in Section 4.5.
The effect of film thickness on the evaluated elastic modulus
In the present work, we evaluate the material properties of film irrespective of film thickness as long as t/D P 0.4. Nevertheless, it might be meaningful to evaluate the cutoff ratio, to neglect the effect of the substrate on the measurement, at the fixed ratio of the indentation depth to the diameter of the indenter, h max / D = 20%. Li et al. (2009) have analyzed the effect of film thickness on the evaluated elastic modulus for elastically anisotropic filmon-substrate system. Fused silica was chosen for the substrate material, and copper and nickel single crystals were chosen for the film material in their study. When both film and substrate deform elastically, they have shown that the cutoff ratio of indentation depth to film thickness, h max /t, should be around 4% for Berkovich indenter (t/a $ 15 where a is the contact radius), which means the empirical rule (h max /t $ 10%) is overestimated. It should also be noted that the cutoff ratio depends on the relative properties between film and substrate materials. For spherical indentation, it can be more complicated because the cutoff ratio can also be a function of the ratio of indentation depth to indenter diameter (h max /D). To simplify the problem, the measured contact diameter d and other properties are assumed to be known, and the effects of material properties and film thickness on the evaluation of elastic modulus are investigated. The simplest way for this is to plot the correction factor j along the t/D for various material properties, as shown in Fig. 6 . From this figure, it can be found that the correction factor j is sensitive to the ratio of t/D although t/D approaches infinity. Li et al. (2009) have mentioned that when h max /t = 10%, the expected modulus for copper on fused silica is about 10% less than that of bulk copper. For elastic film-on-substrate system, t/a $ 5.6 when 10% cutoff ratio is applied to the 70. too. In Fig. 6 , the differences of the correction factor j between D/t $ 0.5 and 0 are up to 6-7% for the plastically deformed films, and the gap varies with the material properties. It should be noted that other material properties are affected by the expected elastic modulus, so the errors of other expected material properties such as yield strength and strain-hardening exponent are amplified. Based on this observation, we can conclude that the expected material properties can include considerable amounts of errors when we simply use 10% cutoff rule.
Evaluation of elastic-plastic properties of film-on-substrate systems
A program for evaluation of film properties using the above functions has been developed, and its flowchart is shown in Fig. 7 . Load-displacement curve generated from FE analysis for h max /D = 20% and film thickness t are fed into the property evaluation program as input data. n and e o values are initially assumed, and then the relationships between load-displacement data and indentation parameters (c 2 , e p , and w) are obtained from Eqs. 18, 19, 20, and (22) . Regression of stress-strain relation obtained from the functions produces updated material properties, n and e o .
These updated properties are then compared with the previously estimated ones. The process is repeated until the updated properties converge within tolerance.
The solid lines in Fig. 8 are material stress-strain curves used for FEA input data, and the gray circles are the predicted stress-strain values. Table 3 compares the given and estimated material properties and their errors. The average errors of estimated material properties are 3% for elastic modulus, 5% for yield strength, and 8% for strain-hardening exponent. The maximum errors of estimated material properties for reference modulus E = 200 GPa are 3%, 5% and 6% for elastic modulus, yield strength and strain-hardening exponent, respectively, so it guarantees high accuracy whereas those for E = 100 and 300 GPa are 7%, 10% and 12% for elastic modulus, yield strength and strain-hardening exponent, respectively.
To verify the effect of the material properties of the indenter, we performed FEA using a diamond indenter of which material properties are E I = 1000 GPa and m I = 0.07. The load-depth curve obtained with the diamond indenter was input into the property evaluation program, and the properties of WC indenter were replaced those of diamond indenter, simultaneously. Table 4 compares the computed material properties for the two indenters, which indicates that the developed property evaluation program is valid irrespective of the material properties of the indenter.
Concluding remarks
In this study, Spherical indentation approach to evaluation of mechanical properties of materials (Lee et al., 2005 (Lee et al., , 2010 was extended to that for film material properties in film-on-substrate systems. This indentation approach can be applied not only to film but also to bulk material property evaluation. With this new approach, we obtain elastic modulus, yield strength, and strain-hardening exponent of film material from the spherical indentation load-displacement curve.
To reduce the cases of FEA in this study, we set the reference elastic modulus of film as 200 GPa, and then introduced correction coefficients for other moduli, which can make somewhat large errors in a case of large difference between reference and measured moduli. However, estimated errors are generally in a range that can be used for engineering purpose, and the accuracy can be improved through additional FEA.
We assumed the substrate material is purely elastic, material properties of the indenter is fixed, and Poisson's ratio of measured material, m, is also fixed as 0.3, and film thickness, moreover, is assumed to be known in advance. In Section 4, we explained that some variables such as indenter properties, substrate modulus, and E/E s ratio can be flexible without loss of accuracy. In addition, these kinds of predefined parameters can also be effectively quantified and extended through additional FEA, finding proper normalized parameters such as Dundurs parameters (Lee and Gao, 2011) , and developing new method with spherical and sharp indenters if necessary. For example, when elastic-plastic properties of thinfilms are needed, to reduce indentation size effects, the ratio t/D can be smaller than 0.4 which is the lower bound of the variable. Because the data acquisition location should be in film, the optimal point l/D decreases with t/D. In that case, material properties can be achieved by using a relatively larger spherical indenter, which means t/D < 0.4, but still h max /D = 20%, with new mapping functions obtained from a new FEA set at another data acquisition point. In that case, however, the effect of the plastic behavior of substrate on the indentation response might be considered, which makes the analysis cases considerably increased. Extending our methodology, in addition to experimental work, would be our further study. 
